Accurate infrared spectra of the two hydroxycarbene isomers are computed by diagonalizing the Watson Hamiltonian including up to four mode couplings using full dimensional potential energy and dipole moment surfaces calculated at the CCSD͑T͒/cc-pVTZ ͑frozen core͒ and CCSD/ 6-311G ** ͑all electrons correlated͒ levels, respectively. Anharmonic corrections are found to be very important for these elusive higher-energy isomers of formaldehyde. Both the energy levels and intensities of stretching fundamentals and all overtone transitions are strongly affected by anharmonic couplings between the modes. The results for trans-HCOH / HCOD are in excellent agreement with the recently reported IR spectra, which validates our predictions for the cis-isomers.
I. INTRODUCTION
Hydroxycarbene, HCOH, is a high energy ͑2.2 eV͒ diradicaloid isomer of formaldehyde, separated by a barrier of about 3.7 eV. [1] [2] [3] [4] [5] [6] [7] [8] It is believed to play a role in the photochemistry of formaldehyde and in the interstellar media.
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Recently, possible role of hydroxycarbene in the reaction of carbon atom with water has been considered. 7, 8 Due to its relatively mild diradical character ͑the ground state is a singlet, and the ST gap is about 1 eV͒, this is a well behaved system from the electronic structure point of view, and it has been computationally characterized. [2] [3] [4] [5] 7, 8 The H 2 CO → HCOH isomerization was discussed in classical and quantum molecular dynamics simulations of the lowest dissociation channel, H 2 CO → H 2 + CO. [9] [10] [11] These isomers are also contained in the ab initio global potential energy surface of Zhang et al. 12 and they play a role in the interesting "roaming" dynamics in the H 2 CO photodissociation. 13 It was suggested that HCOH can be derived from formaldehyde following protonation of the oxygen. 5, 6 Hydroxycarbene has been produced in the photodissociation of CH 2 OH and CH 2 OD, albeit with some internal energy, 14 which enabled the determination of its heat of formation. When the internal energy exceeds the dissociation barrier, it has been shown to decompose either directly/or via isomerization to formaldehyde. 14 As we learned during the final stages of the manuscript preparation, Schreiner et al. have successfully synthesized trans-HCOH and HCOD and recordered their IR spectra in argon matrix. 15 They reported that HCOH is relatively short lived even in cryogenic environment and rearranges to formaldehyde with the half-life of about 2 h. The deuterated species, HCOD, however, has been found to be very stable at these conditions. The assignment of the observed IR band origins was supported by variational calculations of vibrational energy levels using CCSD͑T͒/cc-pCVQZ quartic force field. 15 The differences between the computed and experimental values were less than 1% for all the observed transitions except for the two fundamental transitions, 1 in HCOH and 2 in HCOD, for which the deviations were 1.7% and 1.4%, respectively.
The lowest energy isomer, trans-hydroxycarbene, is 0.20 eV below the cis-isomer, and is separated by a relatively low barrier of 0.96 eV, as shown in Fig. 1 . The observed fast rearrangement of HCOH to formaldehyde via tunneling through a higher barrier of 1.50 eV suggests even shorter lifetimes of cis-HCOH, which, however, might be increased by deuteration. To be of a benchmark value for experimentalists, anharmonic corrections should be taken into account even for the fundamental transitions in rigid molecules, e.g., in formaldehyde they are of 3%-5% of the harmonic frequencies. 16, 17 Their magnitude increases for overtone transitions. For the higher-energy isomers, cis-and trans-HCOH, the potential energy surface ͑PES͒ exhibits stronger anharmonicities, and the harmonic IR spectrum is quite different from the exact one. Lower symmetry of HCOH can also contribute to larger anharmonicities.
We report computed IR spectra of the two hydroxycarbene isomers. We combine high-level ab initio calculations of potential energy and dipole moment surfaces ͑DMS͒ with numerically accurate calculations of vibrational levels and wave functions. The latter are used to evaluate IR intensities. Excellent agreement between the experimental spectra and our results for the trans-isomer suggests that the predicted spectra for cis-HCOH / HCOD are accurate as well, and can aid in a future experimental characterization of the cisisomer. Moreover, our full dimenional PES covering both isomers and the transition barriers between them can be used to investigate isomerization dynamics.
II. THEORY AND COMPUTATIONAL DETAILS
The vibrational levels and wave functions of HCOH were calculated by diagonalizing the full Watson Hamiltonian 18 for J =0 ͑pure vibration͒ in the basis constructed using vibrational self-consistent field ͑VSCF͒ functions. The VSCF calculations employed harmonic oscillator wave functions along the normal coordinates as the onedimensional basis set for the optimized VSCF modals. Basis functions with quantum numbers from 0 to 15 were included for each modal, with corresponding harmonic frequency. These were contracted to six numerical functions. Multimode interactions in the PES were included up to the fourmode level and rovibrational ͑Watson correction and Coriolis͒ interactions up to three-mode level. The basis for virtual state vibrational configuration interaction ͑VCI͒ calculations consisted of all VSCF product wave functions with maximum of five-tuple excitations from the reference in each mode, with maximum of four modes excited, with the added restriction of a maximum sum of quanta of 10. The matrix elements of the Hamiltonian were numerically calculated by potential optimized quadrature with ten integration points.
This procedure was employed to calculate vibrational energies and intensities that were used to compute the IR spectra presented below. Most of the CI energies are converged to within 1 cm −1 . Only for seven of the states above 3000 cm −1 for the cis-HCOH and cis-HCOD isomers, the convergence is about 2 -3 cm −1 . For benchmark purposes, we also conducted vibrational Rayleigh-Schrödinger perturbation theory calculations for trans-HCOH. We employed second-order Møller-Plesset scheme ͑VMP2͒ as described in Refs. 19 and 20. These calculations included three-mode couplings in the potential and neglected rovibration terms. They are compared to VSCF and VCI results obtained at the same level of theory. All these calculations employed ten basis functions in each mode. These VCI/VMP2 calculations included up to eighttuple excitations.
Vibrational calculations employed a full dimensional PES. The PES covers the trans-and cis-isomers and the two barriers connecting them, see Fig. 1 . It is an eigth degree polynomial in the set of internuclear bond lengths, represented in a specially constructed basis invariant to permutations of like nuclei. The polynomial has 1613 terms, which are fitted by least squares to 17 262 ab initio single points, calculated by the CCSD͑T͒ method 21, 22 with the cc-pVTZ basis set. 23 There are 12 949 points in the energy range ͓0 , 0.1͔ hartrees above the lower minimum ͑the transequilibrium structure͒ 2341 points in the range ͓0.1, 0.2͔ hartrees and 1542 points above 0.2 hartrees ͑these latter points are mostly fragment data and highly twisted configurations to enforce asymptotes͒. The rms fitting errors in these energy regions are 43, 123, and 134 cm −1 respectively. The PES reproduces harmonic frequencies at the two minima within 7 cm −1 of the ab initio values ͑see Tables I  and II͒ and correctly describes asymptotic behavior of the CO, CH, and OH stretches. Numerical frequencies on the PES are calculated by fivefold central finite differences with step size of 0.01 Å. Similarly constructed PESs have been used in several dynamics and spectroscopy studies and details of constructing the symmetrized polynomial basis are given elsewhere. 24 The DMS was fitted to the same set of geometries as the PES, at the CCSD/ 6-311G ** level of theory. Basis set effects were investigated by calculating equilibrium geometries and harmonic frequencies with the augcc-pVTZ and cc-pVQZ bases 23 ͑see Tables I and II and Fig. 2 for comparison͒. In both isomers, changes in equilibrium angles are less than 0.1°. In the trans-isomer, bond lengths are converged to 0.002 Å. In the cis-isomer, bond lengths slightly decrease with increasing basis set size. The largest change is in the CO bond, with 0.005 Å difference between the cc-pVTZ and cc-pVQZ bases. For the trans-isomer, changes in harmonic frequencies are less than 10 cm −1 between the cc-pVTZ and cc-pVQZ bases, and slightly larger between cc-pVTZ and aug-cc-pVTZ. For the cis-isomer, the differences are within 4 cm −1 for all the modes except the CH stretch that changes by 32 cm −1 between cc-pVTZ and cc-pVQZ. This mode is also very sensitive to core electron treatment.
Single point energies and dipole moments for the fitting were calculated using MOLPRO ͑Ref. 25͒ and Q-CHEM ͑Ref. 26͒, respectively. Harmonic frequencies and IR intensities were calculated using MOLPRO and ACES II, 27 respectively. The core orbitals were frozen in all MOLPRO calculations, and correlated in ACES II and Q-CHEM calculations. MOLPRO harmonic vibrational frequencies were computed by finite differences using total energies, whereas ACES II calculations employed first analytic derivatives. 28 CCSD dipole moments were computed using analytic gradients and properties code. 29 The MULTIMODE program was used for all vibrational energy and intensity calculations. 30 Additional VSCF, VCI, and VMP2 calculations were performed using new code developed at USC.
III. RESULTS AND DISCUSSION

A. The IR spectrum of HCOH
Harmonic frequencies and intensities for the HCOH isomers are given in Tables I and II . Multimode VCI excitation energies below 4000 cm −1 and corresponding anharmonic intensities are given in Table III . Intensities are reported within a threshold of 0.01 km/ mol. The two sets are also depicted as stick spectra in Figs. 3 and 4 . VMP2 results are presented in Table IV , which also contains VCI and VSCF results obtained at the same level of theory ͑see Sec. II for the details͒.
The four lowest transitions lying below 1600 cm −1 are 0-1 transitions for out-of-plane wag, two in-plane bends, and the CO stretch. Anharmonic corrections for the frequencies and intensities of these modes are small and result in slightly lower frequencies. VMP2 and VCI are within 5 cm −1 from each other. In the 1600-3000 cm −1 region, there is only one harmonic frequency, the 2 CH stretch. However, when anharmonicities are taken into account, the spectra become more complex. In the trans-isomer, 2 has intensity of 116.1 km/ mol, and two combination bands also have nonnegligible intensity: 3 + 5 and 3 + 4 , at 23.3 and 24.0 km/ mol, respectively. VMP2 behavior becomes more erratic, especially for higher overtones, e.g., the VMP2-VCI differences of 60-75 cm −1 were observed for two overtones in this energy range.
For the seven experimental IR bands reported, multimode VCI calculations closely match the experiment. Differences are typically less than 12 cm −1 ͑less than 1%͒, with the exception of the OH stretch, 1 , where the VCI frequency is 52 cm −1 higher than the experimental value. This frequency was similarly overestimated in the CCSD͑T͒/cc-pCVQZ quartic force field calculations. 15 The close agreement between the two sets of theoretical data suggests that the discrepancies between the theoretical and experimental values are largely due to the matrix-induced shifts.
Intensities of the transitions calculated using multimode VCI wave functions are also in excellent agreement with the experiment, i.e., the computed values are within 2%-7% of experiment except for the 2 stretch, for which the observed intensity is lower than the theoretical value by a factor of 2.4. The wave function of this state is heavily mixed and includes significant contributions from three VSCF configurations. We expect that the degree of mixing, which is crucial for determining the intensity, might be strongly affected by the matrix environment.
In the cis-isomer, only the 3 + 5 transition has significant intensity ͑69.2 km/ mol͒, compared to the cis-2 stretch of 161.1 km/ mol. Several transitions in this region also acquire intensities of 1 -3 km/ mol, well within experimental reach.
In the harmonic approximation, there is only one line, 1 ͑OH stretch͒, with nonzero intensity above 3000 cm −1 . In trans-HCOH, the VCI 1 fundamental transition has the highest intensity ͑51.6 km/ mol͒, followed by a neighboring combination/overtone, 3 +2 6 ͑2.7 km/ mol͒. Transitions to all other states have intensity below 1 km/ mol. In cis-HCOH, 1 has intensity of 10.9 km/ mol, and two states acquire 1 -2 km/ mol intensity.
The anharmonic corrections for the two hydrogen stretches are about 200-250 cm −1 for both isomers; their intensities are also more strongly affected than those of the four lowest modes. VMP2 very accurately reproduces this value. Most notable is the OH stretch for the trans-isomer, which is 81 km/ mol in the double-harmonic approximation ͑DHA͒ and 52 km/ mol when computed with VCI wave functions and DMS. Consistently, anharmonicities slightly lowered intensities for all fundamentals.
In the high energy region, the harmonic approximation qualitatively breaks down. 
B. Deuterated hydroxycarbene: HCOD
Harmonic frequencies and intensities for the HCOD isomers are given in Table V . Lower vibrational frequencies cause a higher density of states; thus, VCI states up to 3600 cm −1 are reported ͑Table VI͒. The spectra are visualized in Figs. 5 and 6.
Harmonic frequencies for HCOD are smaller than HCOH due to the higher nuclear mass of deuterium. Within the adiabatic approximation, potential energy and dipole surfaces ͑including equilibrium structures͒ are the same for the two species; only the normal coordinate vectors differ, as the nuclear masses affect the Hessian. Intensities are indirectly related to mass through the normal coordinates and their derivatives.
Behavior of the lowest four modes is similar to HCOH. However, the energy region of the stretches ͑2500-3000 cm −1 ͒ exhibits different patterns. Anharmonicities bring the two stretches closer in frequency. Also, for both isomers, they lower the intensity of 2 and increase that of 1 , which reverses the relative ratio of intensities in trans-HCOD, i.e., the ratios of the intensities of the 2 and 1 fundamental transitions are 0.2 and 1.8 at the DHA and VCI levels, respectively. The latter value agrees well with the experimental ratio of 2.9.
Combination bands also play a larger role in the stretch region, possibly due to an increased density of states facilitating the couplings between the modes. In trans-HCOD, the transitions to the 3 + 4 
IV. CONCLUSIONS
We report accurate configuration interaction calculations of vibrational levels of the cis-and trans-isomers of HCOH and HCOD. The IR spectra in the region below 4000 cm −1 are strongly affected by anharmonicities. Strong effects were observed for IR intensities, as anharmonic mode couplings mix the bright and dark states. For trans-HCOH / HCOD, frequencies and intensities are in excellent agreement with the recently reported IR spectra. 15 This agreement validates accuracy of our PES and gives predictive power to the calculated spectra of the cis-isomers, as well as isomerization barriers.
For the lowest four fundamentals, the DHA rather accurately reproduces both frequencies and intensities. However, for combinations and overtones, and even stretch fundamentals, inclusion of anharmonicity is necessary. Combination/ overtone bands acquired intensity even in the low energy ͑Ͻ2500 cm −1 ͒ region, which could complicate assignment of fundamental bands. 
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For fundamental transitions, VMP2 very accurately reproduces the VCI results ͑less than 10 cm −1 differences for 2 − 6 , and 24 cm −1 for 1 ͒; however, the errors as large as 60-70 cm −1 were observed for some overtones, and one high-overtone state ͑3 6 ͒ was overestimated by 120 cm −1 . Overall, HCOH isomers exhibit higher anharmonicities than formaldehyde, a more rigid molecule of higher symmetry. For the fundamental transitions, average anharmonicity in frequencies is 3.0% in formaldehyde, 16, 17 whereas in trans-and cis-HCOH it is 3.7% and 4.6%, respectively. The overtones deviate more from the harmonic values for the HCOH isomers also; the average differences between the = 2 overtones and twice the = 1 values are 8 cm −1 for formaldehyde, 13 cm −1 for trans-HCOH, and 10 cm −1 for cis-HCOH.
In HCOD, the higher nuclear mass led to a denser spectrum, where the effects of multimode contributions to the PES, as well as state mixing, significantly increased.
Anharmonicities generally lowered the frequencies relative to the harmonic approximation, and they very differently affected different modes, so that the spacing between vibrational levels changed. This leads to Fermi resonances not described by the DHA. Finally, the effects of anharmonicities on the intensities were found to be important. Relative to the DHA, anharmonicities tend to lower the intensity of strong peaks and increase the intensity of weak peaks owing to the state mixing. 
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